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DIFFRACTION GRATING COUPLED INFRARED PHOTODETECTOR 
FIELD OF THE INVENTION 

[0001] The present invention relates to a photodetector sensitive to infrared radiation. In 
particular, the present invention provides for a diffraction grating coupled infrared 
5 photodetector with improved sensitivity by decreasing the thermal leakage current and thus 
the noise. 

BACKGROUND OF THE INVENTION 

[0002] In the field of infrared (IR) imaging, the current objective is to provide large area 
focal plane arrays at low cost with high performance. InSb, HgCdTe, and quantum well 

10 infrared photodetector (QWIP) technologies have demonstrated high performance large area 
focal plane arrays. Each of these technologies has various strengths and weaknesses. InSb 
photodetectors offer high performance and ease of fabrication, but must be cooled to 
approximately 80 K. HgCdTe photodetectors can be designed to operate in the middle 
wavelength IR (MWIR) corresponding to a wavelength range of 3 to 5 |nm, the long 

15 wavelength IR (LWIR) corresponding to a wavelength range of 8 to 12 p,m, or the very long 
wavelength IR (VLWIR) corresponding to a wavelength range of greater than 12 ^m. 
However, HgCdTe photodetectors require very tight tolerances in material and fabrication 
uniformity to ensure high performance. QWIP photodetectors have been demonstrated in the 
MWIR, the LWIR, and the VLWIR while requiring only moderate tolerances in both material 

20 and fabrication uniformity. 

[0003] Because photodetectors fabricated from HgCdTe have the greatest potential 
performance at a given operating temperature, significant time and effort have been expended 
to improve the HgCdTe starting material and fabrication process. While progress has been 
made, the cost of implementing these improvements is significant. Thus, there exists a need 
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for a design that places fewer and/or less stringent requirements upon the starting material 
and/or the fabrication process. 

SUMMARY OF THE INVENTION 

[0004] In one embodiment of the present invention, a photodetector comprises a plurality of 
intersecting elongate IR absorbing elements, an enlargement of a portion of one of the 
elongate IR absorbing elements to form a collector element, a carrier collector, a first 
electrical contact electrically connected to the carrier collector, a second electrical contact 
connected to the elongate IR absorbing elements, and a reflector. The plurality of 
intersecting elongate IR absorbing elements form a two-dimensional diffraction grating that 
is designed to resonate at the IR wavelength of interest. The collector element may be a 
number of shapes including a circle, an oval, or a diamond. The carrier collector is formed 
within a portion of the collector element. 

[0005] In another embodiment of the present invention, the collector elements are formed 
midway between the intersections of the IR absorbing elements. Another embodiment of the 
present invention includes collector elements that are formed at both the intersections of the 
IR absorbing elements and midway between the intersections of the IR absorbing elements. 

[0006] In another embodiment of the present invention, the diffraction grating is designed to 
resonate at two different wavelengths. The first wavelength resonates in a first direction of 
the grating while the second wavelength resonates in a direction normal to the first direction. 
The wavelengths are within ten percent of each other, thereby allowing a broader spectral 
response. 

[0007] In each of these embodiments, the IR radiation is absorbed in the IR absorbing 
elements and the resultant electrical carriers are attracted to the nearest carrier collector. 
These electrical carriers are sensed in an external circuit via the first and second contacts. 
The electrical carriers may be sensed as a current if the external circuit is of low impedance 
or as a voltage if the external circuit is of high impedance. 
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[0008] Photodetectors comprising a single element, a one-dimensional line array of 
photodetectors, or a two-dimensional area array of photodetectors are envisioned. Depending 
upon the specific embodiment, a number of different material systems may be used to form 
the IR absorbing elements, the collector elements, the carrier collectors, and the first and 
5 second electrical contacts. These material systems include II- VI semiconductor compounds 
that include elements from group II and group VI of the periodic table and III-V 
semiconductor compounds that include elements from group HI and group V of the periodic 
table. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0009] The present invention is described in reference to the following Detailed Description 
and the drawings in which: 

[0010] Fig. 1 is a top down view of a unit cell of a first embodiment of the present invention, 

[0011] Fig. 2 is a cross-sectional view of the first embodiment of the present invention, 

[0012] Fig. 3 a and 3b are cross-sectional views of a second and third embodiment of the 
1 5 present invention respectively, 

[0013] Fig. 4 is a top down view of a full photodetector of the second or third embodiment of 
the present invention, 

[0014] Fig. 5 is a top down view of a full photodetector of a fourth embodiment of the 
present invention, 

20 [0015] Fig. 6 is a top down view of a full photodetector of a fifth embodiment of the present 
invention, 

[0016] Fig. 7 is a top down view of a full photodetector of a sixth embodiment of the present 
invention, and 
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[0017] Fig. 8 is a top down view of a unit cell of a seventh embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0018] Various embodiments of the present invention are described in detail with reference to 
the drawings with corresponding elements having corresponding numbers throughout the 
drawings. 

[0019] Figure 1 is a top down view of a unit cell 100 of a first embodiment of the present 
invention; the unit cell 100 being replicating as required to form a diffraction grating coupled 
infrared (IR) photodetector. Depending upon the desired absorption wavelength, the unit cell 
size will vary. For a very long wavelength IR (VLWIR) wavelength peak of 18 jam, the unit 
cell 100 will have a pitch of approximately 12 jam. Figure 1 includes first elongate elements 
102a ? b and second elongate elements 103a,b for absorbing the incident IR radiation. A 
typical width for these elongate elements 102a ? b, 103a,b in a VLWIR photodetector is 
2.5 jLim. A collector element 104 is formed at the intersection of the first elongate elements 
102a,b and the second elongate elements 103a,b. For the VLWIR photodetector example, the 
radius of the collector element 104 is 3 (am. A carrier collector 106 is formed within the 
collector element 104. This carrier collector 106 has a radius of 2 (am in the present VLWIR 
photodetector example. As seen in Fig. 2, the carrier collector 106 extends only a portion of 
the way into the collector element 104. A first electrical contact 108 is formed on the carrier 
collector 106. The first electrical contact 108 of the present VLWIR photodetector example 
has a radius of 1 p.m. Lastly, Fig. 1 shows a reflector 110 below the previous elements, and is 
more clearly seen in the cross-sectional view of Fig. 2. 

[0020] A photodetector having a unit cell 100 as shown in Fig. 1 could be formed from 
planar starting semiconductor material. The various required layers would be grown on a 
substrate. Continuing the VLWIR example, a CdTe or CdZnTe substrate would be used with 
the appropriate layers of doped HgCdTe grown thereon. The photodetector would then be 
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formed in part by removing a significant portion of the HgCdTe material via a masked etch 
process to leave only the elongate elements 102a,b, 103a,b and the collector element 104. 

[0021] Figure 2 shows placement of a second electrical contact layer 1 12 between the second 
elongate elements 103a,b and the collector element 104, and the reflector 110. The top of the 
5 first elongate elements 102a,b and second elongate elements 103a,b form a first common 
major surface 107. The bottom of the first elongate elements 102a,b and second elongate 
elements 103a,b form a second common major surface 109. The preferred thicknesses of the 
various elements for a VLWIR photodetector are 1.6 (am for the elongate elements 102a,b, 
103a,b and the collector element 104, 0.8 |nm for the carrier collector 106, 0.5 jam for both 
10 the first electrical contact 108 and the reflector 110, and 0.4 jam for the second electrical 
13 contact 112. Please note that while Fig. 2 shows a cross-section along second elongate 

S elements 103a,b, a cross-section along first elongate elements 102a,b would be identical. 

P j [0022] While the photodetector can be formed of a number of materials, its greatest potential 

jgf is realized using the HgCdTe material system. Alternative semiconductor material systems 

s 15 include, but are not limited to, InSb and InGaAs. If the HgCdTe material system is used, the 
j5 elongate elements 102a,b, 103a,b would preferably be formed of n-type HgCdTe material, the 

^ particular alloy of HgCdTe depending upon the desired absorption wavelength. The collector 

p element 104 would likewise be formed of the same n-type HgCdTe material. The carrier 

collector 106 would be formed of p-type HgCdTe, thereby forming a p/n junction. This 
20 carrier collector 106 could be formed by implantation or diffusion. Diffusion is preferable by 
growing a sacrificial p-type layer, patterning and etching away a portion of this sacrificial 
layer, and then performing a thermal diffusion process. The remaining portion of the 
sacrificial layer would then be removed after diffusion was complete. This method of 
forming the p/n junction results in a self-passivated junction as the junction is formed 
25 completely within the collector element 104. The first electrical contact 108 and the reflector 
1 10 are formed of metal, preferably Au or a Au alloy by an evaporation process. 
Alternatively, the reflector could be a Bragg reflector 110 and formed of suitable 
semiconductor or dielectric material layers. The second electrical contact 1 12 is a heavily 
doped wider bandgap n-type HgCdTe layer in this example. 
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[0023] Figure 3 a shows a cross-sectional view of a second embodiment of the present 
invention in which a first electrical contact 108a and the second electrical contact 1 12a,b are 
on the same side of the second elongate elements 103a,b of a photodetector 120. This is in 
contrast with the first embodiment unit cell 100 in which the first electrical contact 108 and 
5 the second electrical contact 112 were on opposing sides of the second elongate elements 
103a,b. Figure 3a includes a first passivation layer 1 14 on the surface of the second elongate 
elements 103a,b. This first passivation layer 1 14 is on the surface and the sides of the 
elongate elements 102a,b, 103a,b. A second passivation layer 116a,b is disposed between the 
second electrical contact 1 12a,b and the reflector 1 10a,b. The thickness of both the first 1 14 
10 and the second 1 16a,b passivation layers is preferably 0.2 jam. If the photodetector is formed 
using the HgCdTe material system, the first 114 and second 1 16a,b passivation layers are 

p> preferably formed of CdTe or CdZnTe lattice matched to the HgCdTe used in the elongate 

elements 102a,b, 103a,b. As with Fig. 2, Figs. 3a and 3b show a cross-section along second 

W elongate elements 103a,b, a cross-section along first elongate elements 102a,b would be 

pi 15 identical. 

g [0024] Figure 3b shows a cross-sectional view of a third embodiment of the present invention 

"p utilizing an alternative fabrication method. The photodetector 130 includes a single metal 

h k layer 132 that is a combination of the first electrical contact 108a and the reflector 1 10a, b of 

ri. the second embodiment. 

"x'spr 

20 [0025] A further alternative not illustrated, but similar to Figs. 3a and 3b, would not require a 
separate second electrical contact 112. In this case, the elongate elements 102a,b, 103a,b 
would be sufficiently doped that their series resistance would be low. By having a low series 
resistance, the elongate elements 102a,b, 103a,b would not need a separate, low resistance 
second electrical contact 112, thereby simplifying material and fabrication requirements. 

25 This alternative could thus have a second contact formed of metal at the periphery of the 
photodetector or array of photodetectors. 

[0026] Figure 4 is a top down view of the second or third embodiment of the present 
invention and illustrates an entire photodetector 140. This is in contrast to Fig. 1 in which 
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only the unit cell 100 is illustrated. Figure 4 illustrates placement of a collector element 104 
at each intersection of the first elongate elements 102 and the second elongate elements 103. 
The desirability of this configuration will be described below when photodetector operation is 
examined. Note that the first elongate elements 102 form a first one-dimensional diffraction 
5 grating and the second elongate elements 103 form a second one-dimensional diffraction 
grating. The combination of the first and second diffraction gratings thus forms a two- 
dimensional diffraction grating. 

[0027] Figure 5 is a top down view of a fourth embodiment of the present invention and like 
Fig. 4 illustrates an entire photodetector 150. The photodetector 150 includes five collector 
10 elements 104 that are formed at only a few of the intersections of the first elongate elements 
f** 102 and the second elongate elements 103. Furthermore, each of the collector elements 104 

Jif includes multiple carrier collectors 106a-d. While four carrier collectors 106a-d are shown 

pj (which would preferably have a diameter of 1 jam in the VLWIR photodetector example), the 

number of carrier collectors 106a-d could be more or less than four. The diameter of the 
;2 15 carrier collectors 106a-d would need to be adjusted according to their number and the size of 
a the collector element 104. 

I**- [0028] Figure 6 is a top down view of a fifth embodiment of a photodetector 160. The fifth 

f 4 embodiment includes two differences in comparison with the previous embodiments. The 

^" charge collector element 162 is not circular but of a diamond shape. Other shapes for the 

20 collector element are possible, including an oval The second difference is the period 

between the first elongate elements 102. The first elongate elements 102 in the X direction 
form the first one-dimensional diffraction grating having a period of "a" while the second 
elongate elements 103 in the Y direction form the second diffraction grating having a period 
"b" that is greater than "a". The advantages of this biperiodic two-dimensional diffraction 
25 grating will be further explored below. 

[0029] Figure 7 is a top down view of a sixth embodiment of a photodetector 170. The 
primary difference of this embodiment is placement of the collector elements 106 not at the 
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intersection of the first elongate elements 102 and the second elongate elements 103, but 
midway between the intersections on elongate elements 102, 103. 

[0030] Figure 8 is a top down view of a unit cell 1 80 of a seventh embodiment of a 
photodetector. The seventh embodiment is a combination of the first and sixth embodiments 
5 in that it includes collector elements 106 at both the intersections of the first elongate 

elements 102 and the second elongate elements 103, and midway between the intersections 
on first elongate elements 102 and second elongate elements 103. The advantages of this 
embodiment will be further explored below. 

[0031] The operation of the various embodiments of the present invention will now be 

10 examined in detail. In each of the embodiments, incident IR radiation is absorbed in the 
elongate elements 102, 103. While the first elongate elements 102 and the second elongate 
elements 103 form the two-dimensional diffraction grating, due to the thickness of the 
elongate elements 102, 103, a three-dimensional diffractive resonant optical cavity (3D- 
DROC) is formed. By appropriately designing the 3D-DROC, a limited range of IR radiation 

15 wavelengths will resonate and be absorbed by the elongate elements 102, 103. It should be 
noted that this resonating IR radiation generates the highest electric field regions, and thus 
absorption, within the portion of the elongate elements 102, 103 nearest the collector 
elements 104, and in the collector elements 104 themselves. Due to the 3D-DROC, the 
quantum efficiency in this range of IR wavelengths remains high even though significant IR 

20 absorbing material has been removed. In the preferred embodiment, the elongate elements 
102, 103 are n-type HgCdTe and the absorbed IR radiation creates electron-hole pairs. The 
minority carrier holes then drift toward the carrier collector 106. The carriers drift due to the 
electric field created between the n-type elongate elements 102, 103 and the p-type carrier 
collector 106, which form a p/n junction. This resultant current flow can be sensed as a 

25 voltage or a current in an external circuit via the first electrical contact 108 and the second 
electrical contact 112. 

[0032] As maximum sensitivity requires collecting as many of the photogenerated minority 
carriers as possible, holes in the present example, the carriers must be collected before they 

8 



Docket No. 10919/25601 VS-531 



recombine. For this reason a carrier collector 106 is preferably located within a diffusion 
length of the absorption location. As the diffusion length for holes in VLWIR HgCdTe is 
approximately 10 \xm, a carrier collector 106 should be located at every intersection between 
the first elongate elements 102 and the second elongate elements 103 for a VLWIR 
5 photodetector. Thus, the embodiments shown in Figs. 4, 6, and 7 would be preferred over the 
embodiment shown in Fig. 5. While the desirable multiple carrier collector 106 per collector 
element 104 configuration is shown only in Fig. 5, this configuration is compatible with the 
collector elements 104 illustrated in Figs. 4 and 6-8. While the hole diffusion length is 
relatively short, as noted above the greatest absorption is near the collector elements 104 and 
10 carrier collectors 106. Thus, the holes have only a relatively short distance to drift before 
being collected. 

[0033] To retain maximum sensitivity, it is desirable to minimize photogenerated carrier 
recombination at the surface of the elongate elements 102, 103. Including a first passivation 
layer 1 14 over the elongate elements 102, 103 does this. A second passivation layer 1 16a,b is 
15 desirable to insulate the carrier collector 106 from the reflector 1 10 so as not to short the 
carrier collector 106. 

[0034] As the sensitivity is further determined by the thermally generated leakage current of 
the photodetector, it is desirable to minimize this source of noise. One way to minimize the 
thermal leakage current is by reducing the area of the carrier collector 106 p/n junction. By 
20 using four smaller carrier collectors 106a-d as shown in Fig. 4 as opposed to a single larger 
carrier collector 106 as shown in Fig. 1, this carrier collector area, and thus thermal leakage 
current and noise, can be reduced. Theoretical modeling indicates the sensitivity of these 
reduced thermal leakage current photodetector designs can lead to a factor often 
improvement in the sensitivity. 

25 [0035] Traditionally, the exposed high field regions near the corners or surface of a p/n 
junction generate additional excess leakage current requiring careful passivation of the 
junction. By forming the carrier collector 106 p/n junctions within the collector elements 
104, the resulting device has no exposed junction, i.e., the junction is self-passivated. 
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Furthermore, the self-passivated junction is passivated by the collector element 104 that is of 
the same semiconductor material, such as HgCdTe, as the junction itself. This results in a 
perfect lattice match for the entire photodetector and does not require any additional 
processing related to the junction. 

5 [0036] An added benefit of the smaller carrier collector 106 p/n junction is that the operating 
temperature can be increased. In particular, the reduced noise allows an increase in the 
operating temperature before a given noise level threshold is met when compared with 
ordinary IR photodetectors. Alternatively, for a given operating temperature, a diffraction 
grating coupled IR photodetector will have reduced noise, and thus increased sensitivity, 
10 when compared to ordinary IR photodetectors. 

[0037] Due to the relatively narrow spectral resonance of the 3D-DROC formed by the 
elongate elements 102, 103, some IR radiation is not detected. As this undetected radiation 
decreases the possible signal magnitude, it is desirable to broaden the spectral resonance of 
the photodetector. This can be done by at least two methods that will be described next. 

15 [0038] The first spectral broadening method is to use a biperiodic diffraction grating as 
shown in Fig. 6. By having different periods in the X and Y directions, the first one- 
dimensional diffraction grating resonates at a different wavelength than the second one- 
dimensional diffraction grating within the 3D-DROC. A difference in resonant wavelengths 
of approximately ten percent will broaden the spectral response of the photodetector. 

20 However, this method is polarization dependent in the X and Y directions, which may be 
undesirable. 

[0039] An alternative method of broadening the spectral response that is not polarization 
dependent is shown in Fig. 8. A photodetector having the unit cell 180 configuration shown 
in Fig. 8 will benefit from shorter diffusion lengths for the minority carriers. As the diffusion 
25 length decreases for longer wavelength photogenerated minority carriers, it is critical to 

capture these carriers before they recombine. By including additional carrier collectors 106 
within the unit cell 180, these minority carriers are not lost. For this reason, the spectral 
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response for a photodetector having the unit cell 180 configuration is broader on the long 
wavelength side than that achieved for a photodetector having the unit cell 100 configuration 
shown in Fig. 1. 

[0040] The resonant wavelength of the 3D-DROC within the photodetector is primarily a 
5 function of the material geometry. The simplest variable is the period or unit cell size. In the 
VLWIR example, the period or unit cell size is 12 ^m. By decreasing the unit cell size, the 
resonant wavelength can be decreased for operation in the long wavelength IR (LWER) or 
middle wavelength IR (MWIR). Decreases in either the width or thickness of the elongate 
elements 102 ? 103 will also decrease the resonant wavelength. It must be noted that the 
10 absorption IR wavelength band of the elongate elements 102, 103 must match the resonant 
wavelength of the photodetector. As an example, if the elongate elements 102, 103 were 
formed of Hg0.sCd0.2Te that strongly absorbs at 10 (am, the 3D-DROC should be designed to 
resonate at 10 jam for optimal performance. 

[0041] The preferred configuration of the photodetector is a function of the external sensing 
15 circuit. The configurations shown in Figs. 1 and 2 are for a vertical current flow in which the 
first electrical contact 108 and the second electrical contact 1 12 are on opposite sides of the 
photodetector. For applications that require all connections to be on the same side, a usual 
requirement for IR focal plane arrays, the first electrical contact 108 and the second electrical 
contact 1 12 must be on the same side. This results in the lateral current flow configuration as 
20 shown in Figs. 3a and 3b. An alternative vertical current flow configuration that is not 

illustrated would incorporate a layout similar to that of Figs. 3a and 3b with a change in the 
second electrical contact layer 1 12 location. This un-illustrated configuration would place 
the second electrical contact layer 1 12 between the first passivation layer 1 14 and the 
elongate elements 102a,b, 103a,b. In this configuration, the second electrical contact layer 
25 112 would be common to all photodetectors if an IR focal plane array were to be fabricated. 

[0042] While each of the embodiments has been described and illustrated as a unit cell or 
single photodetector, arrays of photodetectors are envisioned. The arrays of photodetectors 
can be a one-dimensional line array, or a two-dimensional area array of photodetectors. In an 
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application requiring a one-dimensional or two-dimensional array of photodetectors, the array 
of photodetectors can be mated to a silicon-based readout integrated circuit for multiplexing 
the resulting signals. The mating of the array of photodetectors and the readout circuit can 
include the use of indium bumps to provide electrical, mechanical, and thermal contact 
between the photodetectors and the readout circuit. 

[0043] Although the present invention has been fully described by way of examples with 
reference to the accompanying drawings, it is to be noted that various changes and 
modifications will be apparent to those skilled in the art. Therefore, such changes and 
modifications should be construed as being within the scope of the invention. 
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